A latent process involving signal transduction and gene expression is needed as a preparation step for cellular function. We previously found that nerve growth factor (NGF)-induced cell differentiation has a latent process, which is dependent on ERK activity and gene expression and required for subsequent neurite extension. A latent process can be considered a preparation step that decodes extracellular stimulus information into cellular functions; however, molecular mechanisms of this process remain unknown. We identified Metrnl, Dclk1, and Serpinb1a as latent process (LP) genes that are induced during the latent process with distinct temporal expression profiles and are required for subsequent neurite extension in PC12 cells. The LP genes showed distinct dependency on the duration of ERK activity, and they were also induced during the latent process of PACAP-and forskolin-induced cell differentiation.
4 required for subsequent neurite extension. Neurotrophic factors that were able to trigger the latent process induced the expression of the LP genes. The expression levels of the LP genes during the latent process were positively correlated with the neurite extension length during the extension process, whereas the phosphorylation levels of ERK, which is an upstream regulator of the LP genes, was not correlated. Further, overexpression of all LP genes together, but not that of each LP gene separately, cooperatively enhanced NGF-induced neurite extension. We also found that Metrnl and Dclk1 were required for neurite extension in rat hippocampal neurons. Given that expression of the LP genes occurred during the latent period (0-12 h) and before the extension period (12-24 h), our findings demonstrate that the LP genes are common decoders of neurite extension length regardless of neurotrophic factors and cooperative enhancers of neurite extension.
Results

Identification of the LP genes expressed during the latent process and required for subsequent neurite extension
We aimed to identify the LP genes from among 47 candidates that were selected in our previous study (Chung et al., 2010) . Among these 47 candidate genes, the primers of 30 genes could be designed (supplementary material Table S1 ) and the expression of these genes was examined by using quantitative real-time polymerase chain reaction (qRT-PCR). Twenty-two of the 30 genes were induced during the latent process in response to NGF stimulation (supplementary material Fig. S2A-C) . Temporal expression patterns of these genes fell into three groups: (1) transient expression with a peak at 3 h after the stimulation (four genes), (2) transient and sustained expression with a peak at 3 h and a duration of 12 h, respectively (12 genes), and (3) sustained expression with a duration of 24 h (six genes).
We examined whether 22 genes are essential for the neurite extension. We tested the effect of specific knockdown of 22 genes on NGF-induced neurite extension (Fig. 1A) . The siRNAs targeting 3 of 22 genes significantly inhibited neurite extension; these genes were Metrnl, Dclk1, and Serpinb1a. We confirmed that expression of the three genes was suppressed by the addition of the siRNAs (supplementary material Fig.   S2D ). Some of the siRNAs targeting other genes seemed to inhibit the neurite Journal of Cell Science Accepted manuscript extension; however, this inhibition was not statistically significant. To confirm the specificity of the siRNAs, rescue experiments were performed by co-transfection with each siRNA and each plasmid construct expressing a siRNA-resistant version of Metrnl or Dclk1 (Carp/Ania-4, see following text) or Serpinb1a (supplementary material Fig.   S2E ). Metrnl and Dclk1 rescue constructs partially rescued the inhibited neurite extension caused by the siRNA, while the Serpinb1a rescue construct did not show any statistically significant effect. The partial and nonsignificant effect of LP gene rescue constructs may have occurred because of the distinct expression profiles between endogenous and the expressed genes. Taken together, we identified the three genes as the LP genes because they were induced during the latent process and were essential for neurite extension. The gene product of Metrnl is a protein akin to METEORIN, a secreted protein expressed in undifferentiated neural progenitors (Nishino et al., 2004) .
Dclk1 encodes a microtubule-associated protein and plays a role in neurogenesis and neuronal migration (Shu et al., 2006; Vreugdenhil et al., 2007) . Dlck1 has many alternative splicing variants including Carp/Ania-4 and Dclk1-short (Schenk et al., 2007; Vreugdenhil et al., 1999) . In this study, we used the common siRNA and primers for both variants of Dclk1 except that cDNA of Carp/Ania-4 and Dclk1-short-specific siRNA were used for rescue and overexpression experiments and knockdown in hippocampal neurons, respectively. Serpinb1a is a member of a subgroup of the serine protease inhibitors (serpins) superfamily that is important in regulating several biologic processes, including neurogenesis (Parmar et al., 2002; Silverman et al., 2001 ). The time courses of Metrnl, Dclk1, and Serpinb1a expression are classified into temporal expression pattern groups 1, 2, and 3, as described at the start of this section, respectively ( Fig. 2B-D and supplementary material Fig. S2A-C) . However, since the expression of some of the other 19 genes was not suppressed by siRNAs (supplementary material Fig. S2D ), we cannot exclude the possibility that some of them are also LP genes.
We examined whether the LP genes are also required for the PACAP-and forskolin-induced latent process. To evaluate the knockdown effect of PACAP-or forskolin-induced expression of the LP genes on neurite extension, the siRNA-treated cells were treated with PACAP or forskolin for 12 h to induce the latent process and then with NGF for an additional 12 h to induce neurite extension. The siRNAs targeting Journal of Cell Science Accepted manuscript 6 the LP genes significantly suppressed the expression of the LP genes (supplementary material Fig. S2F , G) and inhibited the PACAP-and forskolin-induced neurite extension, although the siRNA targeting Metrnl did not significantly inhibit neurite extension in response to forskolin (Fig. 1H, I ). These results indicate that the LP genes are commonly essential for the NGF-, PACAP-, and forskolin-induced latent process.
Expression of LP genes in response to pulse or step stimulation with NGF
Because pulse stimulation with NGF induces the latent process similarly to a step stimulation with NGF (Chung et al., 2010), we examined whether pulse stimulation with NGF can also induce expression of the LP genes ( Fig. 2A-D) and found that it could ( Fig. 2B-D) . This indicated that pulse stimulation with NGF is as efficient at triggering expression pattern of the LP genes as step stimulation with NGF. We previously found that transcriptional activity is required only in the initial 3 h after stimulation (Chung et al., 2010) . Consistent with this notion, expression of all LP genes increased within 3 h, which is the crucial phase of transcription. The peak level of Metrnl expression by pulse stimulation with NGF, however, was significantly higher than that by step stimulation with NGF, suggesting that NGF stimulation after 1 h may negatively regulate the expression of Metrnl (Fig. 2B ).
Requirement of ERK activity for induction and maintenance of the expression of LP genes
Persistent activation of ERK is required for the NGF-induced differentiation of PC12 cells (Cowley et al., 1994; Marshall, 1995; Sasagawa et al., 2005; Vaudry et al., 2002b) . We previously found that ERK activity is essential for the latent process (Chung et al., 2010) . Therefore, we examined ERK activation by step and pulse stimulations with NGF and found that activation of ERK is similarly sustained for at least 12 h by both types of stimulation (supplementary material Fig. S3A,B) .
We next examined whether ERK activity is required for expression of LP genes.
Prior addition of U0126, a MEK inhibitor, almost completely inhibited ERK activation (supplementary material Fig. S3C ) and concomitantly suppressed LP gene expression ( Fig. 2E-H) . We investigated whether sustained ERK activation is needed for the expression of LP genes by the addition of U0126 at 1 or 3 h after NGF stimulation. The Journal of Cell Science Accepted manuscript 7 expression of Metrnl was not suppressed (Fig. 2F) ; however, when ERK activity was inhibited after 1 h, the peak level of Metrnl at 3 h was significantly higher than that in the absence of U0126. This result suggests that the expression of Metrnl after 1 h may be negatively regulated by sustained ERK activity. The expression of Dclk1 was suppressed when ERK activity was inhibited after 1 h, whereas it was not suppressed when ERK activity was inhibited after 3 h (Fig. 2G) . The expression of Serpinb1a was suppressed when ERK activity was inhibited after 1 h, whereas it was suppressed only at 24 h after the NGF stimulation when ERK activity was inhibited after 3 h (Fig. 2H) .
We confirmed the inhibition of ERK activity by the addition of U0126 at 1 h after the NGF stimulation (supplementary material Fig. S3C ). Taken together, expression of all LP genes showed distinct dependency on the duration of ERK activity. ERK activation during the initial 1 h was sufficient to induce Metrnl expression. In contrast, the expression of Dclk1 required ERK activation for 3 h and expression of Serpinb1a required ERK activation for longer than 3 h. Sustained ERK activation is required not only for induction but also for maintenance of the expression of Dclk1 and Serpinb1a.
We also examined the expression of the LP genes by adding K252a, an inhibitor of the -43 (Ginty et al., 1991) or neurite extension (Yao et al., 1998) , while ERK is necessary for both (Cowley et al., 1994; Marshall, 1995) . We also confirmed that U0126 inhibited NGF-induced neurite extension and H-89 did not (Fig. S5A ).
GAP
We next investigated how LP genes are transcriptionally regulated. We Fig. S4F-K) . Under the conditions in which the expression of Egr1, Fra1 and JunB were suppressed by 53% at 1 h (Egr1), 67% at 3 h (Fra1), and 72% at 1 h (JunB), respectively, Dclk1 expressions were inhibited (Fig. S4J) . Moreover, when the expression of Fra1 was suppressed, Serpinb1a expression was also inhibited (Fig. S4K) .
These results indicate that Egr1, Fra1 and JunB are required for Dclk1 expression and that Fra1 is required for Serpinb1a expression. This also highlights that expressions of LP gene was differently regulated by the immediate early genes.
Induction of the LP genes and neurite extension length by various neurotrophic factors
We measured the LP gene expression during the latent period (0-12 h) and neurite extension length during the extension period (12-24 h) in response to other neurotrophic factors, including PACAP, forskolin, epidermal growth factor (EGF), and insulin ( Fig. 3 and supplementary material Fig. S5B,C) . We used NGF as the second stimulation to evaluate the effect of the neurotrophic factors on the latent process. The step stimulation with PACAP and forskolin, but not EGF or insulin, induced neurite extension length (cf. neurite extension length [#] in Fig. 3A ; Fig. 3B ), and PACAP and forskolin were more potent for neurite extension length than NGF. In addition, the pulse stimulations with PACAP and forskolin, but not EGF or insulin, similarly induced neurite extension length (Fig. 3B ). This result indicates that PACAP and forskolin can induce the latent process.
We examined whether the neurotrophic factors induce the expression of LP genes.
Step stimulation with PACAP and forskolin, which triggered the latent process, also induced LP gene expression (Fig. 3C) . Likewise for neurite extension length, PACAP and forskolin were more potent for induction of LP gene expression than NGF.
In contrast, step stimulation with EGF and insulin, which did not trigger the latent process, did not induce LP gene expression. Similar results were obtained when pulse stimulation with neurotrophic factors was used (Fig. 3C ).
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Taken together, these results indicate that PACAP and forskolin are capable of inducing both the latent process and the expression of LP genes, whereas EGF and insulin are not. They also suggest that LP genes may trigger the PACAP-and forskolin-dependent latent process that is required for neurite extension.
Expression of the LP genes, but not ERK phosphorylation, correlates with neurite extension length
We examined the quantitative relationship between the LP genes and neurite extension length. We measured the time course of the expression of LP genes, ERK phosphorylation, and neurite extension length in a dose-dependent manner for NGF, PACAP, and forskolin ( Fig. 5B-D) . In contrast, the integrated phosphorylation levels of ERK during the latent process were not correlated with the neurite extension lengths (r = 0.20; Fig. 5A ).
1
When the peak amplitudes of the LP genes and ERK phosphorylation were used instead of their integrated levels, similar results were obtained (supplementary material Fig. S7 ).
Thus, the LP genes appeared not only to be qualitatively required for the latent process, but also to always quantitatively show a correlation with neurite extension length regardless of the neurotrophic factors. Given that expression of the LP genes occurred during the latent period (0-12 h) and neurite extension was particularly induced during the late extension period (18-24 h), information of neurite extension length is likely to be decoded by the expression levels of the LP genes before the extension process starts.
Despite ERK being an essential molecule for neurite extension, phosphorylation levels of ERK were not correlated with neurite extension length. This means that essential molecules for neurite extension such as ERK are not necessarily decoders of information of neurite extension length.
Overexpression of all LP genes cooperatively enhances NGF-induced neurite extension
We examined whether overexpression of the LP genes enhance neurite extension (Fig. 6A) . We used Carp/Ania-4, one of the alternative splice variants of Dclk1 (Schenk et al., 2007; Vreugdenhil et al., 1999) , for the overexpression experiment because Carp/Ania-4 but not Dclk1-short, another alternative splice variant, was commonly induced by NGF, PACAP, and forskolin (supplementary material Fig. S8 ).
Overexpression of each LP gene, all LP genes, and control showed similar background levels of neurite length before NGF stimulation, indicating that overexpression of the LP genes themselves did not induce neurite extension. Co-overexpression of all LP genes showed a significant enhancement of NGF-induced neurite extension compared to the control, while overexpression of each LP gene separately did not show a significant enhancement of NGF-induced neurite extension. Unlike the non-transfected conditions, greater neurite extension was observed during the first 12 h than the latter even in the control plasmid-transfected cells (Fig. 6A) . Therefore, we cannot conclude that the co-overexpression of the LP genes is sufficient to bypass the latent process. We further confirmed the involvement of each LP gene in the cooperative enhancement of NGF-induced neurite extension by testing the effect of specific knockdown of the LP genes on the cooperative neurite extension (Fig. 6B) . We found that siRNA targeting Journal of Cell Science Accepted manuscript 1 2 each LP gene significantly inhibited the cooperative neurite extension, but the genes' effects were partially restored by the expression of siRNA-resistant constructs. This indicates that each LP gene is indispensable for the cooperative enhancement of NGF-induced neurite extension.
The role of the LP genes in rat hippocampal neurons
We further examined the role of the LP genes in neurite extension in rat hippocampal neurons. We tested the effect of the siRNA-mediated knockdown of the LP genes on neurite extension of primary dissociated hippocampal neurons (Fig. 6C) . The siRNAs targeting Dclk1-short and Metrnl significantly inhibited neurite extension, but siRNA targeting Serpinb1a did not show an inhibitory effect. This result indicated that Metrnl or Dclk1 are required for neurite extension in hippocampal neurons, although whether both genes are involved in the latent process in the neurons remains to be explored. We did not exclude the possibility of involvement of Serpinb1a in the neurite extension in hippocampal neurons because it is possible that other members of the serpin superfamily compensate for the loss of Serpinb1a function.
Subcellular localization of the LP gene products
To investigate the potential functions of the LP genes, we analyzed the localization of the LP gene products, METRNL, CARP/ANIA-4, and SERPINB1a, in PC12 cells. We raised rabbit polyclonal antibodies against the LP gene products, but the antibodies did not specifically detect the endogenous proteins (data not shown).
Therefore, we transfected a plasmid bearing hemagglutinin (HA)-tagged LP genes and analyzed the localization of the LP gene products (Fig. 7) . METRNL showed diffusible distribution throughout the cell body except for the nucleus before NGF stimulation (Fig.   7A ) and localized at the terminuses of neurites after NGF stimulation (Fig. 7D,   arrowheads ). CARP/ANIA-4 showed diffusible localization throughout the cell body including the nucleus before NGF stimulation (Fig. 7B) , but was not markedly localized at the terminuses of neurites after NGF stimulation (Fig. 7E, arrowheads) . SERPINB1a showed diffusible localization throughout the cell body including the nucleus before NGF stimulation (Fig. 7C ) and localized at the terminuses of neurites after NGF stimulation (Fig. 7F, arrowheads) . The distinct localization of METRNL, 1 3 CARP/ANIA-4, and SERPINB1a suggest that the LP gene products are involved in distinct functions and that at the same time the latent process accompanied the three distinct functions mediated by the LP gene products, some of which may need the latent period to be completed. In addition, the localization of METRNL and SERPINB1a at the terminuses of neurites after the NGF stimulation suggests that the LP gene products are also involved in the neurite extension process.
Discussion
We identified Metrnl, Dclk1, and Serpinb1a as LP genes. The expression levels of the LP genes during the latent process were positively correlated with neurite extension length during the extension process. Although ERK activity was required for LP gene expression, ERK activity during the latent process was not correlated with neurite extension length during the extension process. Regardless of the neurotrophic factors and ERK dependency, the expression levels of LP genes always correlated with neurite extension lengths. Because expression of LP genes occurs before neurite extension, they are considered common decoders of information of neurite extension length regardless of neurotrophic factors and upstream signaling pathway (Fig. 8) METRNL might be involved in neurite extension as a secreted protein in a similar manner. It has been reported that Dclk1 is one of the NGF-responsive genes whose expression is enhanced by SH2B1b, an adaptor protein for TrkA in PC12 cells (Chen et al., 2008) , and that Dclk1 was induced during the NGF-induced cell differentiation in PC12 cells (Dijkmans et al., 2009; Dijkmans et al., 2008) . Dclk1-long, a product of the alternative splice variants of Dclk1, is a microtubule-associated active protein kinase Journal of Cell Science Accepted manuscript 1 4 expressed in neurites (Burgess and Reiner, 2000) . Carp/Ania-4 has been reported to be involved in apoptosis and tubulin polymerization in vitro (Schenk et al., 2007) and in seizures and long-term potentiation in vivo (Schenk et al., 2011; Vreugdenhil et al., 1999; Wibrand et al., 2006) . Thus, the DCLK1 proteins might direct the latent process It has also been shown that PC12 cells, primed by NGF pretreatment for 1 week, do not require new RNA synthesis to regenerate neurites and to develop neurites more rapidly than those without NGF pretreatment (Burstein and Greene, 1978; Greene et al., 1982) . Although the time scale is different between the latent process in this study (12 h) and the priming effect in the previous study (1 week), both processes similarly require de novo gene expression. Urokinase plasminogen activator receptor (UPAR)/plasminogen activator, urokinase receptor (PLAUR) has been identified as one of the essential genes for the priming effect (Farias-Eisner et al., 2001; Farias-Eisner et al., 2000) and is likely to be important for NGF-induced differentiation in PC12 cells (Chen et al., 2008) . Plaur was selected as one of the candidate LP genes in this study; however, siRNA targeting of Plaur did not show an inhibitory effect (Fig. 1) . However, we cannot exclude the possibility that Plaur is an LP gene because we did not confirm the suppression of mRNA of Plaur by siRNA (supplementary material Fig. S2D ).
The 22 genes that we selected as candidate LP genes were classified into three groups in terms of a temporal pattern (supplementary material Fig. S2A-C) . The expression pattern of each LP gene belonged to a distinct group. The expression of LP genes depends on ERK activity with a distinct duration, which may lead to a distinct temporal pattern of expression. The dependency on ERK activation duration might be caused not only by direct regulation by ERK, such as phosphorylation of a target factor, but also by the widespread intracellular environment created by the nuclear localization of ERK (von Kriegsheim et al., 2009) . Sustained ERK activation is required not only for induction but also for maintenance of Dclk1 and Serpinb1a expression. Since NGF induces sustained ERK activation and stabilizes specific mRNAs (Murphy et al., 2002) , a balance between transcription activity and stabilization of mRNA by ERK might cause the temporal pattern seen with LP gene expression. To our surprise, the temporal 1 7 patterns of LP gene expression induced by PACAP and forskolin were similar to that induced by NGF despite the differences in ERK dependency. An intriguing possibility is that some mechanisms ensure the robustness of the temporal expression pattern even if upstream signaling pathways are different. By that type of mechanism, LP genes are likely to serve as common decoders of neurite extension length despite upstream dependency.
In the future, we will use the LP genes as common decoders of neurite extension length and model the neurotrophic factor-dependent expression of the LP genes to elucidate the mechanism of specific induction of cell fate decisions in PC12 cells.
Materials and methods
Cell culture
PC12 cells (kindly provided by Masato Nakafuku, Cincinnati Children's Hospital
Medical Center, Cincinnati, Ohio) were cultured in a humidified 5% CO 2 atmosphere at 37°C in complete medium, Dulbecco modified Eagle medium supplemented with 5% horse serum, and 10% bovine calf serum (Nichirei, Tokyo, Japan). 
qRT-PCR analysis
For reverse transcription-polymerase chain reaction (RT-PCR), total RNA was prepared from PC12 cells using Agencourt RNAdvance Tissue Kit according to the manufacturer's instructions (Beckman Coulter, Brea, CA). RNA samples were reverse transcribed by High Capacity RNA-to-cDNA Kit (Applied Biosystems, Carlsbad, CA) and the resulting cDNAs were used as templates for the qRT-PCR. qRT-PCR was performed with Power SYBR Green PCR Master Mix (Applied Biosystems); the primers are shown in supplementary material Table S1 . As an internal control for normalization, the β -actin transcript was similarly amplified using the primers (Table   S1 ). Each primer set was designed using Primer Express software (Applied Biosystems).
qRT-PCR was conducted using a 7300 Real Time PCR System (Applied Biosystems), and the data were acquired and analyzed by a 7300 System SDS software version 1.3.1.21 (Applied Biosystems). Three experiments of independent samples were performed for each primer set, and their mean value was calculated.
siRNAs and transfections
Twenty-four hours after plating, the cells were transfected with siRNAs by using Table S1 . The siRNA duplexes were chemically synthesized (Sigma).
Immunoblotting
Cell lysates were subjected to standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After fractionation by SDS-PAGE and transfer to nitrocellulose membranes, the blots were reacted with antibodies for phosphorylated Chemiluminescence was detected with Immobilon Western (Millipore, Billerica, MA).
The resulting image was captured on a luminescent image analyzer LAS-4000 (FUJIFILM, Tokyo, Japan). Signal intensity was quantified using Phoretix 1D (TotalLab Ltd, Newcastle upon Tyne, UK).
Rescue and overexpression experiment
The coding regions of rat Metrnl, Carp/Ania-4, and Serpinb1a cDNA, which we cloned from total RNA, were cloned into the vector pIRES-AcGFP1 (Clontech, Mountain View, 
Analysis of effects of siRNA on neurite extension in rat hippocampal neurons
Dissociated hippocampal cells were prepared from E18 rats. Cells were incubated for 2 h and transfected with both siRNA and pCAGGS-myc-GST by the calcium phosphate method. After incubation for an additional 72 h, the transfected cells were fixed and stained as previously described (Kawano et al., 2005) . We used anti-Myc antibody 
Immunofluorescence staining for analysis of localization
To determine the subcellular localization of LP gene products, two tandem copies of the hemagglutinin (HA) epitope tag sequence was engineered at the C terminus of t test was used to evaluate the statistical significance of differences in expression levels at 3 h after pulse and step stimulation (*P < 0.05 in panel B) and at 3 h in the absence of U0126 and when U0126 was added after 1 h (*P < 0.05 in panel F). Table S1 except that Dclk1-short specific siRNA (guide;
5′-UUAAAAGAAAAAAAAUCGCAA-3′, passenger;
5′-GCGAUUUUUUUUCUUUUAACA-3′). The values are shown as the means ± s.e.m..
The Student t test was used to evaluate the statistical significance of differences (**P < 0.01,*P < 0.05). 
